The herpesvirus ubiquitin-specific protease (USP) family, whose founding member was discovered as a protease domain embedded in the large tegument protein of herpes simplex virus 1 (HSV-1), is conserved across all members of the Herpesviridae. Whether this conservation is indicative of an essential function of the enzyme in vivo has not yet been established. As reported here, USP activity is conserved in Marek's disease virus (MDV), a tumorigenic alphaherpesvirus. A single amino acid substitution that abolishes the USP activity of the MDV large tegument protein diminishes MDV replication in vivo, and severely limits the oncogenic potential of the virus. Expression of the USP transcripts in MDV-transformed cell lines further substantiates this hypothesis. The herpesvirus USP thus appears to be required not only to maintain a foothold in the immunocompetent host, but also to contribute to malignant outgrowths.
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chicken ͉ deubiquitinating enzyme ͉ herpes ͉ Marek's disease virus T he ubiquitin-proteasome system controls cytosolic proteolysis, certain aspects of transcription, antigen presentation via major histocompatibility complex (MHC) class I products, and the trafficking of surface-exposed receptors (1) (2) (3) (4) (5) . As for many other posttranslational modifications, both ubiquitin conjugation and its reversal by ubiquitin-specific proteases (USPs) determine the biological outcome of the reaction. The enzyme families that catalyze ubiquitin conjugation and removal are quite diverse (6) (7) (8) (9) . Consequently, bioinformatic analysis is not always adequate to identify novel USPs. To target such enzymes biochemically, we developed activity-based probes for USPs and enzymes that act on ubiquitin-like modifiers (10) . These probes are equipped with an affinity handle to allow retrieval and identification of the enzymes targeted by the electrophilic warhead installed at the probe's carboxyl terminus.
Through the use of one of these probes, HA-ubiquitin vinylmethylester (HA-UbVME), we identified the large tegument protein of herpes simplex virus 1 (HSV-1), viral protein (VP) 1/2, encoded by the unique-long (U L ) 36 gene, as the source of an active USP. Its sequence showed no obvious similarity to known eukaryotic USPs and failed to yield an obvious signature of residues diagnostic of known cysteine protease families. Nonetheless, sequence comparisons across the Herpesviridae show the presence of a few absolutely conserved residues (Cys, Asp, His, Glu), all of which are consistent with involvement in a potential thiol protease active site. We have, meanwhile, confirmed both the mechanism of action of such ubiquitin-based probes (11) (12) (13) (14) (15) and the identity of the viral cysteine protease domain as an authentic USP by crystallographic analysis of the homologous segment of the murine cytomegalovirus (MCMV) M48 protein (16) . Notwithstanding the conservation of the identified USP activity in all herpesviruses, we do not know whether this activity makes a contribution to the replicative success and pathogenicity of herpesviruses in vivo.
Marek's disease virus (MDV) is a lymphomagenic alphaherpesvirus that affects chickens. It is a major source of concern for the poultry industry and necessitates vaccination of chicken flocks in ovo or shortly after hatching (17) (18) (19) . The severity of the symptoms and their clockwork timing, as well as the availability of the natural host, make MDV an ideal model to assess the importance of the viral USP for alphaherpesvirus pathogenesis in vivo. The course of infection includes lytic replication, then latency, followed by reactivation and the formation of massive T cell lymphomas in multiple organs (18) (19) (20) . We undertook the generation of an MDV mutant that lacks the USP activity to address its role in pathogenicity.
Results
Characterization of the MDV USP Active Site Cysteine. In HSV-1, the U L 36-derived USP was discovered as an Ϸ450-aa amino-terminal fragment of the VP1/2 tegument protein, generated late during viral infection (12) . So far, only HSV-1 has yielded an enzymatically active, proteolytic fragment that is distinct from the intact tegument protein in virus-infected cells. We cloned and expressed the corresponding region of the MDV U L 36 gene (referred to as MD-V USP ), based on homology and secondary structure predictions (13, 14) . This 322-residue fragment, when expressed by in vitro transcription/translation, readily formed adducts with Ub-VME in a manner sensitive to the inclusion of N-ethylmaleimide (data not shown). This is consistent with the involvement of a cysteine residue in catalysis, similar to its Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), MCMV, and HSV-1 counterparts. We confirmed this by mutagenesis of the putative active site cysteine at position 98 to alanine (MDV USP/C98A ). We further generated recombinant MDV USP and MDV USP/C98A in Escherichia coli, and purified these preparations by means of their carboxyl-terminal His tags. Although the purified material showed some amino-terminal heterogeneity (possibly because of the use of alternate translational start sites), covalent adduct formation was unmistakable for the wild-type version, and altogether absent for the MDV USP/C98A mutant (Fig. 1A) . We then assayed the enzyme preparations for hydrolysis of ubiquitin C-terminal 7-amido-4-methylcoumarin (Ub-AMC), and only the wild-type enzyme hydrolyzed Ub-AMC (Fig.  1B) . These results demonstrate catalytic activity and establish C98 as the active site cysteine of the MDV USP/UL36 protein.
In Vitro Growth of an MDV USP Active Site Mutant. We used recombination-based mutagenesis of a modified infectious bacterial artificial chromosome (BAC) clone of MDV (pRB-1B), derived from the highly oncogenic RB-1B strain (21) , to obtain two independent isolates of the C98A mutant in the USP domain of MDV (vC98A-1 and -2). In addition, we prepared revertants of . We therefore conclude that the activity of the MDV USP is not essential for growth in tissue culture, although a slight defect in plaque formation was observed in primary chicken cells. The magnitude of such differences likely depends on the cell type on which the virus inoculum is plated.
In Vivo Replication and Pathogenicity of the MDV USP/C98A Active Site Mutant. We performed two independent experiments to assess the role of the virus-encoded USP in vivo. Chickens (n ϭ 13-15 per group) were inoculated with virus reconstituted from the parental pRB-1B (vRB-1B), the USP-defective mutants (vC98A-1 and -2) or their revertants (vC98A-1R and 2R). We measured viral load in peripheral blood mononuclear cells (PBMC) by qPCR. Early replication [7 days after infection (p.i.)] was similar between groups. The C98A mutation thus does not impair the ability of the virus to replicate in vivo. However, after 7 days p.i., viremia levels were reduced 1,000-to 10,000-fold for the USP-defective mutants when compared with parental vRB-1B or their respective revertant viruses (Fig. 3) .
We examined chickens for signs of clinical Marek's disease, mainly characterized by wasting and gross T cell tumors, from 3 to 7 weeks p.i. In Ͼ90% of animals infected with vRB-1B or the revertant viruses, we observed clinical signs of Marek's disease. Also, vRB-1B and the revertant viruses regularly caused tumors at more than two distinct organ sites, evidence for a high level of metastasis (Fig. 4A) . In stark contrast, none of the chickens infected with either of the two vC98A USP mutants presented with clinical signs of Marek's disease, even at 13 weeks p.i. At the termination of the experiment at 13 weeks p.i., ample time for Marek's disease to develop even with low-virulence strains (21) , only five (three in the C98A-1 group and two in the C98A-2 group) of 27 chickens infected with the mutant virus contained tumors. However, these tumors were very small and isolated, with no signs of metastasis. We observed similar results in the repeat experiment (Fig. 4B) . 
Fig. 2. Reduced plaque sizes in vC98A viruses. CKC (A) or CEC (B) cultures
were infected with 100 plaques per well of a six-well dish with vRB-1B, vC98A-1, or vC98A-1R. Five days p.i., wells were fixed with 90% cold acetone for 10 min and air dried, and plaques were immunohistochemically stained by using anti-MDV polyclonal antibodies and anti-chicken secondary antibodies labeled with Alexa Fluor 568 (Molecular Probes). Digital images were obtained from 75-100 individual plaques by using an epifluorescence Axiovert 25 inverted microscope and an AxioCam HRc digital camera (Zeiss). Plaque areas were measured by using the NIH ImageJ software, and shown are the average plaque areas in calibrated units for each respective virus. The average area of plaques produced by the vC98A-1 was significantly smaller (Ϸ50% for CKC and Ϸ25% for CEC) to the wild-type vRB-1B or revertant vC98A-1R (P Ͻ 0.01) by using Student's t tests. Shown below the histogram are representative plaques corresponding to the average plaque size of each virus.
Natural Reversion of USP Mutant in Vivo. Using DNA obtained from surviving chickens at the termination of the experiment, we amplified a 444-bp PCR product, corresponding to the amino terminus of U L 36, from DNA preparations of PBMC isolated from 10 chickens infected with the mutant virus. One of the viral samples contained wild-type virus sequences encoding a cysteine at position 98, indicating that natural reversion to the virulent, parental genotype had occurred in this chicken. We sequenced a PCR product from two of the three chickens with small tumors in the C98A-1 mutant group. One chicken maintained the mutant virus, at least in peripheral circulation, whereas another chicken contained virus with a revertant genotype. Although the frequency of reversion to the parental genotype is low (Ϸ10%), the phenomenon was observed in a fairly short time frame. We do not know when reversion occurred, but because the chicken showed no overt signs of disease at termination of the experiment except a small lesion, we surmise that reversion must have taken place shortly before termination of the experiment.
Analysis of Horizontal Spread. Finally, we examined whether animals housed in direct contact with either the C98A mutant or the revertant viruses, but not themselves inoculated directly with virus, contracted Marek's disease. This type of experiment, involving contact animals, is used to assay horizontal transmission of MDV. MDV starts to spread horizontally from chicken to chicken after Ϸ14 days p.i. Infection of naïve birds occurs by inhalation of chicken dander shed from the feather follicles of infected chickens (18, 20) . As expected from the reduced viremia levels and the nearly complete absence of macroscopic tumors in the C98A mutant groups, contact animals remained free of Marek's disease lesions; however, four of eight contact chickens did contain viral DNA in PBMC as shown by qPCR assays performed for that group. In contrast, 78% (seven of nine) of animals in contact with parental or revertant virus succumbed to Marek's disease and all animals were virus positive, establishing that USP activity is dispensable for horizontal transmission of the virus. Similar results were seen in the second experiment in which 78% (seven of nine) in the vC98A-1R revertant group developed Marek's disease, whereas no chickens housed with the vC98A-1-infected group developed Marek's disease, but six6 of eight did contain MDV DNA, and one chicken contained naturally reverted sequences. MDV with deficiencies in lytic replication fails to spread horizontally, because the levels of production of infectious virus are insufficient for efficient delivery to the site of virus exit-the skin-and consequently transfer to contact animals is impossible (22, 23) . Thus, although replication of MDV USP mutant in vitro was mildly impaired, depending on the cell type examined, efficient lytic replication-at least at early stages of infection and sufficient for interindividual transfer-was achieved in vivo and accounts for horizontal transmission of even the mutant virus.
MDV USP mRNA Expression in Transformed Cells. The discrepancy between efficient lytic virus replication in chickens at early times p.i. and the spread to sentinel animals, on the one hand, and the severely reduced incidence of lymphomas, on the other hand, prompted us to examine expression of MDV USP in the MDVtransformed lymphoblastoid cell line (LCL) MSB-1 (24) . These experiments were designed to examine whether MDV USP would be expressed in the latent/tumor phase of infection. We performed RT-PCR analyses on RNA obtained from MSB-1 or LCL derived from retrovirus [reticuloendotheliosis virus (REV)]-infected birds (CU91 and CU205) used as negative controls. CKC cultures lytically infected with vRB-1B served as positive controls. We also examined glycoprotein B (gB) mRNA expression, which is observed only during lytic replication of MDV. MDV-infected CKC cultures expressed both the U L 36/ MDV USP and gB transcripts but, as expected, the tumor MSB-1 cell line lacked expression of gB (Fig. 5) . In contrast, we detected expression of U L 36/MDV USP mRNA in the LCL (Fig. 5) . To confirm these findings, we examined another cell line transformed with the REV and superinfected with MDV. Similar to MSB-1, expression of latency/transformation-related MDV genes is tightly regulated in the CU210 cell line, and lytic transcripts were never detected (25) . In the CU210 LCL, we observed the same pattern of expression of U L 36/MDV USP Fig. 3 . qPCR assays of chicken blood. DNA was obtained from blood of chickens infected with parental vRB-1B, the C98A-1 mutant, or its revertant C98A-1R. Shown are MDV genome copies per million cells normalized to the chicken iNOS gene. Considerable numbers of chickens were terminated in the vRB-1B and revertant groups by day 36 p.i. because of development of multifocal lymphoma, and blood samples could be used for comparison with the vC98A-1 mutant only up to 29 days p.i. Levels of viral DNA were significantly different between the mutant (vC98A-1) and both the vRB-1B and vC98A-1R groups at 14, 22, and 29 days p.i. by using Student's t test (P Ͻ 0.01) as indicated with an asterisk. In the repeat experiment, a similar deficiency in the vC98A-1 group was seen (data not shown).
Fig. 4. Tumorigenesis in viruses lacking USP activity is severely impaired.
Marek's disease incidence was evaluated over the course of 92 days in two experiments (A and B) and is shown as a percentage of Marek's disease incidence for each group separated by lymphoma incidence. Lymphoma incidence show the percentage of chickens of each group that failed to develop lymphomas (0, white) or chickens in which less than (Յ2, gray) or more than (Ͼ2, black) two sites of lymphoma manifested.
transcripts in the absence of gB. Although RNA samples were DNase-treated to exclude possible DNA contamination, the primers designed for amplification of gB and GAPDH span introns and exons to discriminate between cDNA and DNA, and we found no evidence for DNA contamination. When the MSB-1 LCL RNA was amplified in the absence of reverse transcriptase (ϪRT), we observed no amplification of the target genes, consistent with the absence of DNA contamination. Amplification of the U L 36/MDV USP sequence thus requires the presence of its mRNA. We conclude that MDV USP mRNA is expressed in the latent and tumor stage of MDV infection, consistent with its proposed role for tumorigenesis in vivo.
Discussion
In this report, we show that formation of T cell lymphomas by an oncogenic herpesvirus, MDV, is drastically reduced if the virus-encoded USP (MDV USP ) is absent. These findings implicate DUB activity in the establishment and/or maintenance of T cell transformation. Although MDV mutants defective in USP activity show moderate impairment of replication in vitro, this impairment appears minimal. First, the importance of the MDV USP for viral replication may well be cell-type dependent, as evidenced by the fact that in vitro growth in primary CEC cultures were affected considerably less than growth in CKC cultures, with a mean reduction in plaque size of only Ϸ20% (Fig.  2) . Second, after infection of a high dose of MDV in vivo, there was no detectable difference in early lytic replication (Ͻ7 days p.i.) between the USP-negative and parental or repaired viruses. Just before this time point after infection, initial replication in B cells by MDV switches to establishing latent infection in CD4 ϩ T cells, which occurs at 7-10 days p.i (20) . Note that the primary targets of MDV infection and replication in vivo cannot be used to assess plaque size or growth in vitro. Third, the fact that the USP-defective virus spreads to uninfected naïve chickens indicates that viral replication is sufficient to reach and replicate in the skin, the port of exit of infectious virus, and to establish an infection in contact chickens. Usually, attenuation and severe reduction of MDV lytic replication results in the absence of replication in the skin, and in such cases horizontal transmission does not occur (23) . The reduced replication observed in this study is mild compared with many mutant MDV studied (22, 26, 27) , and the dramatic reduction in oncogenic transformation of CD4 ϩ T cells and tumor metastasis suggest that MDV USP plays a more direct role in transformation or maintenance of the transformed state. Further evidence to support this rationale includes the detection of MDV USP mRNA transcripts in MDVtransformed T cells (Fig. 5) , which suggests MDV USP activity in latently infected and transformed cells.
Although the identification of the exact role of MDV USP in MDV tumorigenesis would require the molecular identification of its substrates and/or interacting partners, there is precedent in the literature that links deubiquitinating enzymes and oncogenesis. For example, USP7 deubiquitinates the tumor suppressor protein, p53, thereby rescuing it from degradation, and reduced expression of this protease is linked to increased cancer incidence (28) . In line with this finding, USP28 is involved in stabilizing the myc protooncogene (29) . A virally encoded DUB, such as MDV USP , may well deubiquitinate proteins involved in transformation or maintenance of the transformed state. A possible role of MDV USP might involve deubiquitination of the MDV oncoprotein, Meq, thus blocking its degradation via the proteasomal pathway and thereby allowing transformation and/or maintenance of transformation. Removal of ubiquitin from MDV's oncoprotein may also offer an explanation for the conundrum that activity of cytotoxic T lymphocytes toward transformed and Meq-expressing CD4 ϩ T cells is not observed. As such, multiple roles for MDV USP in transformation and lymphomagenesis are conceivable. Clearly, the absence of the herpesviral USP activity encoded by U L 36 has profound effects in vivo and results in severely reduced tumor formation and metastasis. The observed natural reversion to the wild-type coding sequence further suggests that USP activity is beneficial to MDV survival in the host. Interestingly, horizontal transmission continues, albeit at reduced efficiency, indicating that transport of virus to the skin and assembly of infectious virus in feather follicle epithelia is still functional.
A number of herpesviruses express gene products that interact with USP7. Everett and colleagues (30) discovered that the HSV-1 viral immediate-early ICP0 binds to USP7, giving USP7 the nickname of herpesvirus-associated USP or HAUSP. This interaction contributes to the role of ICP0 as an activator of viral gene expression (31) . In addition, the EBV EBNA-1 protein also interacts with USP7 and has been implicated to play a role in establishment or maintenance of EBV latency in B cells (32) .
USP7 is not the only deubiquitinating enzyme associated with tumorigenesis. Mutations in CYLD, a USP implicated in modulation of NF-B signaling, lead to cylindromatosis, a malignant condition of the skin attributed to a failure to deubiquitinate TRAF2. In the case of MDV, we observe the opposite phenomenon, the requirement of USP activity for tumor formation and metastasis. We know of no other situation where the expression of an active viral USP is involved in tumorigenesis, making the example of the MDV USP unique thus far. Our results raise the possibility that inappropriate expression or increased activity of cellular USPs, likewise, could contribute to malignant transformation.
All eukaryotes use ubiquitin, and it is, therefore, no surprise that herpesviruses, dependent on eukaryotic hosts for replication, also exploit the ubiquitin machinery. The enzymatic cascade involved in the attachment and removal of ubiquitin is complex and involves numerous proteins capable of ubiquitination and its reversal. Genetic analysis in yeast demonstrates that none of the 17 USPs (except for the metalloprotease RPN11) is essential for survival (33) , however, and even compound mutants deficient in several USPs survive, presumably due in part to the redundant nature of many of these enzymes. When viewed from that perspective, herpesviruses present a unique situation, and potentially a very beneficial one from a therapeutic point of view. The essential nature of the herpesvirus USP, demonstrated here, combined with the unique structure of its active site (12) suggests RT-PCR assays were performed on RNA obtained from the MDV-transformed cell line MSB-1 by using primers specific for the MDV USP and gB genes as described in Materials and Methods. As negative controls, two cell lines transformed with REV (CU91 and CU205) were used, in addition to positive controls of MDV-infected CKC cultures. The CU210 cell line that was initially transformed with REV and then was superinfected and ''supertransformed'' with MDV was also used because tight transcriptional control of MDV genes was reported in this cell line (25) . As an internal RNA control, GAPDH mRNA expression was also examined. One sample was used without addition of reverse transcriptase (ϪRT) to show the PCR products produced are specific for RNA and not DNA contamination.
that this enzyme may be a promising candidate for antiviral drug therapy. Viruses that lack this activity might be appropriate for the construction of attenuated herpesviruses.
Materials and Methods
Cells and Viruses. CEC and CKC cultures were prepared from specific-pathogen-free (SPF) embryos or chickens, respectively, following methods described (34) and were used to reconstitute BAC DNA viruses.
Lymphoblastoid T cell lines (LCL) transformed with either MDV (21) or REV (25) were grown in RPMI medium 1640 plus 10% FBS at 41°C in a humidified atmosphere of 5% CO 2 . The MSB-1 cell line was kindly provided by Mark S. Parcells (University of Delaware, Newark, DE) whereas the CU91, CU205, and CU210 cell lines were kindly provided by Karel A. Schat (Cornell University, Ithaca, NY). Before RNA extraction, dead cells were removed by centrifugation over Ficoll-Hypaque Plus (Amersham Pharmacia).
Cloning and Recombinant Expression. The nucleotides encoding the amino-terminal 322 aa of MDV U L 36 were cloned from the pRB-1B BAC by standard procedure and ligated into the pBAD24 vector in-frame with a carboxyl-terminal His Tag. The C98A mutant was constructed by using QuikChange site-directed mutagenesis kit (Stratagene) according to manufacturer instructions. Proteins were expressed in E. coli DH5alpha cells and purified by using Ni-NTA resin (Qiagen). Purified protein was dialyzed overnight in storage buffer [50 mM Tris, 150 mM NaCl, 2 mM EDTA, 2 mM DTT, 10% (vol/vol) glycerol, (pH 7.5)] and snap frozen for storage at Ϫ80°C.
HA-UbVME Labeling. Labeling reactions were performed with 1 M enzyme in the absence or presence of 1 M HA-UbVME in reaction buffer [50 mM Tris, 100 mM NaCl, 1 mM DTT (pH 7.5)] for 30 min at room temperature. After incubation, samples were resuspended in reducing sample buffer without boiling and subjected to SDS/PAGE analysis, followed by immunoblot with Penta-His antibody (Qiagen).
Ub-AMC Assays. Ub-AMC was purchased from Boston Biochem. Ub-AMC hydrolysis assays were performed in assay buffer [50 mM Tris⅐HCl, 150 mM NaCl, 2 mM EDTA, 2 mM DTT, (pH 7.5)], supplemented with 1 mg/ml BSA (Roche) at 25°C. Enzyme concentrations were determined with the Bradford reagent (Bio-Rad) and BSA (Pierce) as a standard. Measurements were performed in triplicate with 100 pmol of the respective enzyme and 100 nmol of substrate in a total volume of 30 l per well in a 384-well plate. Measurements were taken by using a Spectramax M2 plate reader (Molecular Devices) with a 368-nm/467-nm filter pair and a 455-nm cutoff.
Construction of Mutant MDV. Two-step red-mediated recombination was performed exactly as described (21, 35) . See supporting information (SI) Fig. 1 for more detailed description and SI Table 1 for a list of primers used.
PCR and DNA Sequencing. PCR assays were performed by using Reddy Mix (ABgene), 100 ng of template DNA, and 0.2 mM concentrations of the forward and reverse primers (SI Table 1 ). PCR products were gel purified by using the QIAquick Gel Extraction kit (Qiagen), and sequencing was performed by the DNA sequencing facility at Cornell University.
RNA Extraction and RT-PCR Analysis. Total RNA was extracted from 1 ϫ 10 7 cells by using RNA STAT-60 (Tel-Test) according to the manufacturer's instructions. RNA samples were DNase-treated with the DNA-free system from Ambion by using the manufacturer's instructions.
Reverse transcription was performed by using 1 g of total RNA with the GeneAmp Gold RNA PCR Kit (Applied Biosystems) as described (36) . The primers specific for GAPDH were described (36) , whereas the gB-and U L 36/MDV USP -specific primers are shown in SI 19 ) chickens were obtained from Cornell University's departmental f locks and housed in isolation units. Water and food were provided ad libitum. All experimental procedures were conducted in compliance with approved Institutional Animal Care and Use Committee (IACUC) protocols (2002-0085). Chickens were inoculated intraabdominally with 2,000 plaque-forming units (PFU) of the various viruses at 1 day of age, whereas control chickens were inoculated with uninfected CKC cultures. MDV spreads horizontally between animals after 14 days p.i.; therefore, groups of chickens were housed in separate rooms. Chickens were assigned to inoculation groups by using a randomization table.
Chicken Blood DNA Extraction and qPCR Assays. To measure viral DNA copies in chicken blood by using qPCR assays, DNA was extracted from chicken blood as follows: 40 l of blood was obtained from the wing vein and mixed with 20 l of 0.1 M EDTA and then frozen at Ϫ80°C until all samples were collected. Ten microliters of blood/EDTA mix was used to collect DNA by using the DNeasy 96 Tissue kit from Qiagen following the manufacturer's instructions as described (21) . Quantification of MDV genomic copies by using qPCR was performed as described (21, 26) . Brief ly, primers and probe specific for the MDV-ICP4 gene were used to detect MDV genomes, whereas DNA loading for each sample was normalized by using primers and probe specific for the chicken inducible nitric oxide synthase (iNOS) gene. All qPCR assays were performed in an ABI Prism 7500 Fast Real-time PCR System (Applied Biosystems), and the number of copies for ICP4 and iNOS DNA were determined and expressed as the number of MDV copies per 1 ϫ 10 6 cells.
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